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The effect of acetic acid on the pitting corrosion of 2Cr12MoV turbine steel in early condensates
containing chloride ions was investigated by potentiodynamic and potentiostatic polarization, scanning
electron microscopy, energy dispersive X-ray spectroscopy and electrochemical impedance
spectroscopy. The potentiodynamic polarization tests results illustrate acetic acid decreased the
metastable pitting and pitting potentials. The potentionstatic polarization tests and scanning electron
microscopy, energy dispersive X-ray spectroscopy results revealed acetic acid promoted the pits
initiation and propagation. The electrochemical impedance spectroscopy indicated acetic acid
increased corrosion rate and decreased the pitting corrosion resistance.
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1. INTRODUCTION

In low pressure (LP) steam turbines of power plants, steam cools and partitions into liquid and
vapor phases during adiabatic expansion, liquid phase then formed condensed water droplets in the
phase transition zone (PTZ) [1-3]. Impurities such as CI" and organic acid transporting form vapor
phases to the liquid phase concentrated in condensed water droplets due to their low distribution
coefficients [1-5]. The concentrated solutions are termed "early condensates”. Most outage hours for
steam turbines are due to corrosion of low pressure (LP) blades and disks in the phase transition zone
(PTZ) of LP steam turbines. Many studies and field observations have shown that the early
condensates can cause significant corrosion damage in turbine environments, including stress
corrosion cracking (SCC) and pitting of blades, discs, and rotors [6-8].
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Chloride ions as aggressive anion concentrated in early condensate causing pitting corrosion
for turbine steel have studied in some previous research [9-11]. Acetic acid (HAc) is the principal
organic acid in the early condensate, according to the investigation of impurities in PTZ [1-2], the
concentration of acetic acid in the early condensate is more than 1000 times higher than that in inlet
steam and that can result in a depressed pH in early condensate. The effect of HAc on the corrosion of
metal has been studied by many researchers. Some researchers reported HAc accelerated metal
corrosion and pitting corrosion in CO; corrosion of metal [12-17], W.Y. Maeng et al, also reported the
stress corrosion cracking susceptibility increasing with increasing HAc concentration [18]. However,
the effect of acetic acid in conjunction with the chloride on pitting corrosion in early condensates are
few studied and not well understood. In the present work, the effect of acetic acid on the pitting
corrosion of 2Cr12MoV turbine steel in early condensates containing chloride ions was studied by
electrochemical measurements and pit morphology analyses. This work first insight into the
mechanism of the effect of HAc on the pitting corrosion in early condensates containing chloride ions
and improving the understanding of this impact can help plants better assess the risks of turbine
corrosion.

2. EXPERIMENT

2.1 Materials And Solution

2Cr12MoV blade steel was used for this study with a chemical composition: 0.20% C, 0.21%
Si, 0.76% Mn, 0.012% P, 0.011% S, 0.007% Cr, 11.89% Mo, 0.83% Ni, 0.06% Cu, and Fe balance.
The electrodes for electrochemical tests were embedded in epoxy resin with exposed working area of
1.0 cm?. Prior to testing, working electrodes were polished on successively grades of metallographic
sandpaper up to 1200 grit, then washed by deionized water and degreased with acetone.

In this work, test solutions based on the quality of early condensate [1-3] with a constant
chloride ions and various HAc concentration, which shown in Table 1. The test temperature was 90°C.
Besides, before the tests, the solution was deoxygenated by purging pure N, until the concentration of
dissolved oxygen below 5ppb.

Table 1. Quality of test solution

Impurities concentration (ppm)

Test solution No.

cr HAG Conductivity (90°C) | pH (90°C)
1 10 0 81.2 7.00
2 10 10 110.7 4.39
3 10 50 152.5 4.00
4 10 100 183.8 3.84
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2.2 Electrochemical Measurements

Electrochemical measurements, including potentiodynamic polarization, potentiostatic
polarization and electrochemical impedance spectroscopy (EIS), were carried out using a CS350
electrochemical workstation with a three-electrode system: The 2Cr12MoV blade steel was used as
working electrode, while both Pt electrodes were used as the counter electrode and reference electrode.
It should be pointed out that in this work, Pt electrode instead of the conventional reference electrode,
I.e. saturated calomel electrode or Ag/AgCl electrode, adopted as the reference electrode. The reason is
that impurities concentration and conductivity of test solution in this work is low, if saturated calomel
electrode or Ag/AgCI electrode adopted as the reference electrode, chloride ions would contamination
test solution by due to the diffusion of chloride ions from the reference electrode chamber to the test
cell occurred during the test. Prior to electrochemical measurements, the test solution was
deoxygenated by purging pure N, for 1 h. Electrode was then immersed into solution and N, purging
was continued throughout the tests at a low flow rate at the headspace but (to avoid flow effects) not
bubbled through the electrolyte.

Potentiodynamic polarization tests were begun at a potential 200 mV below the open circuit
potential and with a scan rate of 0.2 mV/s in anodic direction until the current density reached 400
uA/cm?. The potential corresponding to the first current peak in passive region of Potentiodynamic
polarization curve called metastable pitting potential Em [19-20], and the potential at which the current
density reached 10pA/cm? used as an approximation of the pitting potential Ep [11,21]. The values of
Em and Ep potentials for 2Cr12MoV blade steel in different test solution recorded.

Potentionstatic polarization tests were then conducted for 24 h in the four test solution. The
applied potentials were the Ep potential obtained in the absence of HAc test solution with only 10 ppm
CI" and in that 10 ppm CI" and 100 ppm HAc. After the potentionstatic polarization tests, the specimens
were observed with, an optical microscope (OM), a scanning electron microscope (SEM). SEM
observations and elemental analyses with energy-dispersive X-ray spectroscopy (EDS) were also
conducted on the pits found on specimens. For the EDS analyses, point analysis was performed on the
corrosion products inside the pit.

The electrochemical impedance spectroscopy (EIS) measurements were carried out at OCP
under perturbation amplitude of 10 mV and the measuring frequency from 100 kHz to 0.01 Hz.

3. RESULTS AND DISCUSSION

3.1 Potentiodynamic polarization

Figure 1 shows the potentiodynamic polarization curves for 2Crl2MoV steel in the test
solutions at 90 °C. In the Figure 1, Emy, Em,, Ems, Emy correspond to the metastable pitting potential
of 2Cr12MoV steel in 10 ppm CI" solution with 0 ppm, 10 ppm, 50ppm, 100ppm HAc, respectively.
Ep1, Ep2, Eps, Eps correspond to pitting potential, respectively. The values of metastable pitting and
pitting potentials obtained form the potentiodynamic polarization curves shown in Figure 2. Both Em
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and Ep shifted to negative values in the test solution with added HAc and decreased with HAc
concentration increasing.
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Figure 1. Potentiodynamic polarization curves of 2Cr12MoV steel in the different test solutions.
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Figure 2. The values of metastable pitting and pitting potentials for 2Cr12MoV steel vary with HAc
concentration in test solution.

ClI" ions are well known to be aggressively ions cause pitting corrosion on steels. It has been
reported that the presence of HAc in solution containing CI” accelerate pitting corrosion [14-17]. In this
work, solution pH decreased and conductivity increased with HAc concentration increasing. Thus, the
corrosion resistance and the stability of passive film decreased with increasing HAc concentration.
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Therefore, the Em and Ep shifted to negative values with HAc concentration increasing. The localised
acidification model [22-25] support these results: because the critical value x-i depend on pH and the
metal dissolution rate inside the pit increased with HAc concentration increasing, therefore a lower
potential needed to activate a pit with HAc concentration increasing.

3.2 Potentiostatic polarization
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Figure 3. Current density varies with time for 2Cr12MoV steel in different test solution during
potentiostatic polarization at applied 0.47 V (vs. Pt).
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Figure 4. Current density varies with time for 2Crl2MoV steel in different test solution during
potentiostatic polarization at applied 0.07 V (vs. Pt).
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Potentiostatic polarization tests were conducted in test solution at the applied potentials of 0.47
V (vs. Pt) and 0.07 V (vs. Pt). The applied potentials were the Ep of 2Cr12MoV steel in the test
solution with 10 ppm CI" and both 10 ppm CI" and 100 ppm HAc, respectively. Figure 3 and 4 shows
the current density varies with time for 2Cr12MoV steel in different test solution during potentiostatic
polarization at applied 0.47 V (vs. Pt) and 0.07 V (vs. Pt), respectively. At both applied potentials, the
current density of 2Crl12MoV steel increased with HAc concentration increasing, this indicates pits
nucleation rates and growth rates increased with HAc concentration increasing.

At the applied potential of 0.47 V (vs. Pt), as the potential higher than Ep in all test solution the
current density varies with time during potentiostatic polarization at applied 0.47 V (vs. Pt) influenced
by the growth of passive layer, pit initiated and propagated: At first, current density quickly decreases
at t; due to the growth of the passive layer on the electrode surface, the pitting time related to the rate
of pit nucleation [26-29]; After t;, the pits initiated and grow to become stable pits, current density
increases; Then pits propagated, as the propagation of pits is diffusion controlled, the current density
gradually decreases with time due to pits growth suppressed by corrosion products gradually formed
inside the pits and covering the pit mouths [11, 22, 30]. Because of salts products can't suppress the
pits propagated absolutely, pits will still propagated at a low growth rate after some time and current
density decreases to steady state values. In addition, once pits initiated after t;, current density would
have an oscillation due to pits initiated and then repassivated.

{'\

Figure 5. Appearance of specimens after potentiostatic polarization at 0.47 V (vs. Pt) in test solution
with (a) 10 ppm CI', (b) 10 ppm CI" + 10 ppm HAc, (c) 10 ppm CI" + 50 ppm HAc, (d) 10 ppm
CI" + 100 ppm HAc.
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As shown in Figure 3, current density increased with HAc concentration increasing at all time,
this indicated HAc accelerate 2Cr12MoV steel pitting corrosion in the early condensates containing
chloride ions. Current density increased with HAc concentration increasing at all time due to HAc
decreasing the growth rate of passive layer and weaker the passive layer before pits initiated,
increasing pits nucleation rates and growth rates when pits initiated and propagated. The effect of HAc
concentration on the pitting process interpreted as below: At first, with an increase in HAc
concentration, the passive layer tends to dissolve to metal ions; After t;, as Em and Ep decreased with
HAC concentration increasing, more pits initiated and activated to stable pits; When pits propagated
after some time and under diffusion control, because of the conductivity of test solution increased with
HACc concentration increasing, the metal ions transfer out pits quickly with HAc concentration
increasing, pitting corrosion rate increased with HAc concentration increasing. Therefore, Current
density increased with HAc concentration increasing.

Figure 5 shows the appearance of 2Cr12MoV steel after potentionstatic tests at 0.47 V (vs. Pt)
in test solution. At the applied potential of 0.47 V (vs. Pt), as the potential higher than Ep in all test
solution, the pit would initiated and propagated. The pitting corrosion was evident in all test solution as
shown in Figure 5. As shown in Figure 6, the pitting number density increased with HAc concentration
increasing. Therefore, it is considered that more metastable pits initiated and grow to become stable
pits with an increase of HAc concentration. These consist with above results.
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Figure 6. Number density of pits on specimens after potentiostatic polarization at 0.47V (vs. Pt) varies
with HAc concentration.

At the applied potential of 0.07 V (vs. Pt), as the potential lower than the Em and Ep in the test
solution containing 10 ppm CI  in the absence of HAc, current density decreases to zero due to passive
layer and without pit initiated. However, the applied potential higher than Em in the other test solution
in the presence of HAc. Current density varies with time in test solution in the presence of HAc similar
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with that at 0.47 V (vs. Pt) and the Current density increased with HAc concentration increasing. This
result consists with potentiodynamic polarization and potentiostatic polarization at 0.47 V (vs. Pt)
results and HAc accelerate 2Cr12MoV steel pitting corrosion.

3.3 Morphology and pit growth behavior

The effect of HAc on the pit morphology and pit growth behavior of 2Cr12MoV steel in early
condensates containing 10 ppm CI” was investigated using the specimens form the potentiostatic
polarization at the applied potential of 0.47 V (vs. Pt). Figure 7 shows the SEM micrographs of typical
pits on the specimens after the potentiostatic polarization at the applied potential of 0.47 V (vs. Pt).
With an increase in HAc concentration in the test solution, the number of pits on the specimens
increased and the shape and size of pits changed. The pits formed in the free of HAc test solution and
10 ppm, 50 ppm HAc added test solution gradually larger but independent, as shown in Figure 7 (a),
(b) and (c), but the pits formed in the test solution added 100 ppm HAc not only larger but also connect
with some other small pits, as shown in Figure 7(d).

Figure 7. Typical pits on the specimens after potentiostatic polarization at 0.47 V (vs. Pt) in test
solution with (a) 10 ppm CI', (b) 10 ppm CI" + 10 ppm HAc, (c) 10 ppm CI" + 50 ppm HAc, (d)
10 ppm CI" + 100 ppm HAC.



Int. J. Electrochem. Sci., Vol. 12, 2017 3174

We also can see form Figure 7 the corrosion products were observed inside the pits and
covered a part of pits mouth in all test solution. It is demonstrated pits growth suppressed by corrosion
products inside the pits and covering the pit mouths which consist with the potentionstatic tests.

Figure 8 shows the EDS spectra of the corrosion products inside the pits on the specimens after
the potentiostatic polarization at the applied potential of 0.47 V (vs. Pt). As shown in Figure 8(a), the
main elements inside the pits (Figure 7(a)) formed in the test solution in the absence of HAc are Fe, Cr,
and O. It is indicate that Cr-oxides and Fe-oxides formed inside such pits. However, the elements
inside the pits (Figure 7(b)) formed in the test solution in the presence of 10 ppm HAc and the pits
(Figure 7(d)) formed in the test solution in the presence of 100 ppm HAc are a large mount of Fe, Cr,
O, and C, and a large mount of Fe, Cr, O, C and a small mount of ClI, respectively. C may come form
HAc due to HAc participation in corrosion process and Cl concentrated inside pits in the test solution
in the presence 100 ppm HAc due to high metal dissolution rate, more chloride ions migrate form bulk
solution into the pits to keep electric neutrality.
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Figure 8. EDS spectra for corrosion products of inside pits on the specimens after potentiostatic
polarization at 0.47 V (vs. Pt) in test solution with (a) 10 ppm CI’, (b) 10 ppm CI" + 10 ppm
HACc, (c) 10 ppm CI" + 100 ppm HAc.

Since pits formed in the test solution influenced by HAc concentration, it is concluded that
HAc play a key role in the initiation and propagation of a pit. The related pitting mechanisms are
described as below: Before pits formed or during the pits incubation, the passive layer formed on the
surface of steel, Since HAc decrease the stability of passive layer and increase metal dissolution inside
the pits, the criterion for stable pit growth more easily reached [22]. Thus more metastable pits
initiated and grow to stable pits. In the initial stage of propagation, the insides of pit are anodic sites
where metal dissolution takes place. To keep electric neutrality, chloride ions must migrate form bulk
solution into the pit. HAc also migrate form bulk solution into the pit under the effect of concentration
differences due to HAc depletion inside the pit when HAc presence in test solution [16, 22, 30].
Therefore, the chloride ions and HAc may gradually accumulate around the anodic sites, leading to
high concentration at the pit mouth. The chloride ions and HAc either form salt products with ferrous
ions or diffuse away. When HAc concentration high in the test solution, the sites where chloride ions
and HAc reach will immediately become an anodic site, the diffusion of chloride ion and HAc towards
all directions from the pit mouth causing the pit shape larger, pits may connect with some small pits, as
shown in Figure 7(d). However, when the test solution in the absence of HAc or the concentration of
HAC low, the site where a chloride ions reaches will remain passivated due to lack of critical chemistry
that essential for pit initiated and propagated, thus the pits independent with other pits. This illustrates
the morphology of pits depend on HAc concentration.

3.4 EIS

Figure 9 shows the Nyquist diagrams of 2Cr12MoV turbine steel in test solution. It is seen that
there are two capacitive arc in both test solutions, which is related to the resistance of the passive layer.
Many different models have used explain impedance spectra on a passive metal surface. On the basis
of previous references [17, 31-33], the equivalent circuit shown Figure 10 was used to fit the
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experimental impedance data. For the equivalent electric circuit, where Rs represents solution
resistance, CPEL is constant phase element to represents the capacitance of passive layer on the surface
of 2Cr12MoV turbine steel, Rp represents the pitting corrosion resistance or the resistance to ionic
current through the pits, it related to the point defect on the passive layer, C1 represents the double
layer capacitance and Rt represents charge transfer resistance. The fitting results are shown in Table 2.
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Figure 9. Nyquist diagrams of 2Cr12MoV turbine steel in different test solution.
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Figure 10. Equivalent electrical circuit of Nyquist diagrams.

Table 2. EIS parameters for 2Cr12MoV blade steel in the test solution with different concentration of

HAC.
Parameters 0 ppm 10 ppm 50 ppm 100 ppm
Rs (Qecm?) 1869 1621 1185 1012
CPE1-Yy/(Qes"scm?) | 0.00054467 | 0.00057196 | 0.00080192 | 0.00091821
CPE1-n 0.45503 0.42339 0.45668 0.42848
Rp (Qecm?) 2038 1819 803.1 704.9
C1 (Fecm?) 0.0014108 | 0.0013412 | 0.0055352 | 0.0081784
Rt (Qecm?) 1103 811.7 641.1 357.7

According to Table 2, with added HAc and an increase in the concentration of HAc in test
solution, Rt gradually decreased which indicates the corrosion of solution gradually increased,
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corrosion rate increased with increasing HAc concentration. At the same time, Rp also decreased, it is
indicates pitting corrosion resistance decreased, i.e., pits nucleation and growth rate increased with
increasing HAc concentration. The results consist with the potentiodynamic and potentiostatic
polarization.

4. CONCLUSIONS

The effect of acetic acid on the pitting corrosion of 2Crl2MoV turbine steel in early
condensates containing chloride ions have been explored in this study. The results show HAc play a
key role in the initiation and propagation of a pit in early condensates. HAc increases corrosion rate
and decreases pitting corrosion resistance of 2Cr12MoV turbine steel in early condensates containing
chloride ions. With an increase in HAc concentration, metastable pitting and pitting potentials shifted
to negative values and pits nucleation rates and growth rates increases. The number density of pits on
the specimens increased and the size of pits lager with increasing HAc concentration.
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